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Hydrological processes such as advection, 
resuspension, estuarine circulation, internal waves, 
tidal stirring, vertical mixing and stratification are the 
main physical forces affecting the phytoplankton 
distribution in estuaries (DENMAN; GARGETT, 
1983; CLOERN et al., 1989; CUSHING 1989; DE 
JONGE; VAN BEUSEKOM, 1992). Vertical and 
horizontal transport of phytoplankton in coastal areas 
could be induced by winds, water mass intrusions 
from the open sea, turbulence, freshwater inflow and 
tides (CLOERN et al., 1989; LI; SMAYDA, 2001; 
BRUNET; LIZON, 2003; HAGY III et al., 2005; 
POPOVICH; MARCOVECCHIO, 2008; POPOVICH 
et al., 2008b) and these sorts of transport are related to 
biomass accumulation and dispersion. Many studies 
have revealed intratidal variations in phytoplankton 
dynamics (e.g. DEMERS; LEGENDRE, 1979; 
DEMERS et al., 1986; DUSTAN; PINCKNEY, 1989; 
BRUNET; LIZON, 2003) and even differences in 
biomass between micro and macrotidal estuaries 
(MONBET, 1992). Moreover, phytoplankton 
patchiness in estuaries has been associated with the 
physical influence of tides (DUSTAN; PINCKNEY, 
1989). In estuaries characterized by high-tidal energy, 
a steady phytoplankton composition over short time 
periods might be expected owing to the intense mixing 
processes continuously occurring in the water column.  
However, heterogeneous distributions of 
phytoplankton cells in the water column on different 
temporal and spatial scales have been observed (e.g. 
CUSHING, 1989; BRUNET; LIZON, 2003). Many 
studies have used the biomass (estimated by the 
chlorophyll a concentration) as the main intrinsic 
property to describe the phytoplankton community 
dynamics during tidal cycles (DENMAN, 1977; 
FRÉCHETTE; LEGENDRE, 1982, CLOERN et al., 
1989; DUSTAN; PINCKNEY, 1989; MONBET 
1992), without taking into consideration the species-
specific patterns related to these regular short-time 
events. Hence, studies based only on phytoplankton 
biomass variability throughout tidal cycles may 
overlook the short-term temporal changes in the 
species composition. 
  The Bahía Blanca Estuary constitutes a 
mesotidal system with a semidiurnal cycle, the tides 
being the single most important input of energy 
(PERILLO; PICCOLO, 1991; PERILLO et al., 2004). 
The temporal and spatial dynamics of the 
phytoplankton in the estuary have been extensively 
studied (GAYOSO, 1998, 1999; POPOVICH; 
MARCOVECCHIO, 2008; POPOVICH et al. 2008a, 
2008b) but none of these works has considered the 
short-term variability associated with the tidal cycle. 
The main goal of this study was to describe the 
temporal phytoplankton and physico-chemical 
dynamics over a short-time period at a fixed station 
under strong tidal influence. This study presents the 
first integrated description of daily phytoplankton-
community dynamics together with physical and 
chemical variables in the Bahía Blanca Estuary. 
Beside its local relevance, it is also a contribution to 
the understanding of the short-term variability in 
estuaries characterized by high tidal energy. 
Bahía Blanca is a coastal plain estuary 
(38°45´S; 62°22´W) on the Atlantic coast of Argentina 
(Fig. 1). Tidal currents are reversible with maximum 
surface velocities of about 1.3 m s-1 and maximum 
vertically averaged values of 1.2 and 1.05 m s-1 for ebb 
and flood, respectively (PERILLO; PICCOLO, 1991). 
The fixed sampling site, Puerto Cuatreros station 
(mean depth 7.2 m) is located in the inner zone of the 
estuary (Fig. 1). It is shallow and turbid, with a tidal 
range of up to 3.6 m. Hourly measurements of 
phytoplankton and physico-chemical variables were 
carried out on 25 July 2006. Profiles of pH, salinity 
and temperature were measured with a digital multi-
sensor Horiba U-10. Using a radiometer LI-COR 
model LI-192SB, PAR (photosynthetically active 
radiation)  light  intensity received at the pier (Ia), at 
the  water  surface  (I0)  and  vertical profiles of PAR 
in the water column were obtained. From these 
profiles, the light extinction coefficient (k) was 
estimated. The mean light intensity  in the mixed layer  
                                   
(Im) was calculated from the equation (RILEY, 1957): 
Im = I0 (1 – e (– k Zm)) (k Zm)-1, where Zm is the mixed 
zone. Wind measurements were obtained every 5 
minutes by a meteorological base installed on the pier. 
Using a 2.5 l Van Dorn bottle, surface and bottom 
samples (1 m above the sea bottom) were collected to 
determine dissolved nutrients, chlorophyll a, 
phytoplankton, particulate suspended matter (PSM) 
and particulate organic matter (POM) concentrations. 
Dissolved nutrients were determinated by standardized 
methods using a Technicon AA-II Autoanalyzer  and 
Chlorphyll a was measured spectrophotometrically in 
accordance with APHA (1998). The samples used for 
cellular enumeration were preserved in Lugol’s 
solution. The cell counts were undertaken using a 
Sedgwick-Rafter chamber (1 ml).  The entire chamber 
was examined at x200, and each algal cell was counted 
as a unit. For qualitative phytoplankton analysis, 
samples were taken with a Nansen net (30 µm mesh), 
fixed with formaldehyde (final concentration 0.4 %) 
and analyzed using a Nikon Eclipse microscope with 
magnification of x1000 and phase contrast. PSM and 
POM were determined gravimetrically filtering 300-
500 ml of water through GF/F filters (pore diameter = 
0.7 µm).  
The fixed point sampling strategy employed 
for this hourly survey in the inner zone of the Bahía 
Blanca Estuary, even if it did not give information on 
the spatial behavior of the variables measured, showed 
a detailed evolution through the tidal cycle. Tide and 
wind have been considered the principal factors 
controlling the water turbulence processes in the inner 
zone of the estuary (CUADRADO; PERILLO, 1997; 
PERILLO et al., 2001). These factors regulate the 
water turbidity by inducing sediment resuspension 
from the bottom and horizontal transport of sediments 
from the coast, tidal flats and islands (CUADRADO; 
PERILLO, 1997; CUADRADO et al., 2005). In this 
study, the wind effect was nearly insignificant during 
the sampling period: with mean wind velocities of 
0.13 m s-1 in the morning (SSW predominant 
direction) and 2.38 m s-1in the afternoon (dominant 
direction from the S). Therefore, the short-term 
variability observed in the variables measured was 
mainly due to tidal influence. Tidal height fluctuated 
between 6 and 9.05 m (Fig. 2a), low water slack 
occurred at 13:05 h and high water slacks at 7:08 and 
19:05 h (local time). Water salinity co-varied with 
tidal height (Fig. 2b), giving the lowest salinity at low 
water, consistent with the expected result of  the 
advection of the lateral salinity gradients typical of an 
estuary with major freshwater input at the head. The 
pH remained relatively constant (∆pH = 0.17) over 
time while weak temperature variations (∆T = 0.9) 
were observed during the sampling period (Fig. 2b). 
Dissolved nitrate, ammonium and phosphate 
concentrations  showed  an  erratic behaviour over 
time (coefficient of variation, CV up to 20 % for 
ammonium)  (Fig.  3a,b).   None   of   these   dissolved 
 
 
 
Fig. 1. The location of the study site, Puerto Cuatreros, in the inner zone of the Bahía Blanca Estuary, Argentina. 
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nutrients described a pattern which could be associated 
with the tidal cycle. The strength of the tidal currents 
and the mixing processes might induce an intense 
vertical nutrient cycling (e.g. PHILLIPS et al., 2005). 
Nitrite concentration (Fig. 3a) seemed to be associated 
with the tidal movement since it showed a gradual 
tendency to decrease around low tide. Silicate 
concentration described a clearer temporal tendency 
(Fig. 3c), opposite to the tidal height (Spearman 
correlation, rs = - 0.98, p < 0.01). Freije et al. (2008) 
observed that dissolved silicate is more concentrated 
in the sediments than in the water column in the inner 
zone of the Bahía Blanca Estuary. This suggests that 
sediment removal from the bottom might be greater 
during low tide, contributing with a high concentration 
of silicates to the plankton habitat. Nutrient release 
from sediments has been commonly observed in 
coastal systems affected by resuspension processes 
(e.g. PHILLIPS et al., 2005). 
 
 
Fig. 2. Temporal evolution of (a) water column height and (b) physical parameters (temperature, pH and salinity) measured in 
situ at the study site. Vertical bars represent the standard deviation of the vertical profiles. 
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Fig. 3. Temporal evolution of dissolved nutrient concentrations at the surface, s, and at 
the bottom, b, of the water column at the study site. (a) Nitrite and nitrate, (b) 
ammonium and phosphate and (c) silicate concentration.  
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The water column was always vertically mixed 
as indicated by temperature and salinity profiles; 
hence water column depth was considered as an 
indicator of mixed zone depth (Zm). The light intensity 
at the water surface (I0) varied according to Ia (Fig. 4a) 
and both were affected by cloudiness. The mean light 
intensity in the mixed layer (Im) showed an irregular 
pattern over the sampling period and was affected by 
I0 and water turbidity since it decreased markedly at 
14 h (fig. 4a), coinciding with the highest value of the 
light extinction coefficient, k = 6.04 m-1 (Fig. 4b). In 
shallow and turbid estuaries characterized by high 
tidal energy such as the Bahía Blanca Estuary, the 
rapid vertical mixing may induce changes in the 
suspended sediment concentrations (CLOERN et al., 
1989; VAN DE KREEKE et al., 1997; VELEGRAKIS 
et al., 1997; CUADRADO; PERILLO, 1997). In 
addition, short-term fluctuations in water turbidity 
generate more variable light exposures affecting the 
phytoplankton populations (ALPINE; CLOERN, 
1988; MONBET, 1992). Thus, under strong tidal 
regimes, the effects of vertical mixing on the 
phytoplankton community are generally not direct; the 
effects are, rather, mediated through the agency of 
light conditions (FRECHÉTTE; LEGENDRE, 1982; 
DEMERS et al., 1986) which depend on the daily 
cycle of solar radiation and on the amount of PSM.  
 
 
Fig. 4. Temporal evolution of light parameters at the study site. (a) Light intensity out of the water 
(Ia), at the water surface (I0) and light intensity in the mixed layer (Im). (b) Light extinction 
coefficient (k). 
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The PSM concentration showed different 
temporal patterns at the surface and at the bottom of 
the water column (Fig. 5a,b). For the higher elevations 
of the PSM at the surface the major contribution was 
around low tide, while at the bottom it was at the 
beginning of the flood.  The amount of PSM and POM 
were slightly higher at the bottom than at the surface, 
probably they were removed from the sea floor by 
tidal currents (CUADRADO; PERILLO, 1997). Other 
researches into the tidal variability of the PSM 
concentration in estuaries have reported different 
patterns of the tidal cycle associated with advection 
and resuspension (WEEKS et al., 1993; VAN DE 
KREEKE et al., 1997; VELEGRAKIS et al., 1997; 
ELLIS et al., 2004). In these works, a wide range of 
short-term variability of PSM concentration has been 
observed ranging from in phase with the tidal 
movement to erratic behaviour. Although the length of 
the time series obtained by this approach at the Puerto 
Cuatreros station was not enough to explain the 
physical mechanisms that regulate the variability of 
the  PSM  concentrations,  our results together with the  
 
Fig. 5. Temporal evolution of particulate suspended matter and particulate organic matter at the study site: (a) at 
the surface and (b) at the bottom of the water column.  
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observations of other researches highlight the diverse 
responses of the suspended particles to water 
movements in high energy regimes. In addition, for 
periods of 1 h, variations in chlorophyll concentration 
(Fig. 6a) and phytoplankton abundance (Fig. 6b) took 
on a stochastic character. The chlorophyll 
concentration varied about 50 % from its tidal mean, 
suggesting that the short-term variability results 
simply from the tidal advection (CLOERN et al., 
1989). The phytoplankton abundance showed a CV of 
28 % at the surface and 33 % at the bottom, and 
cellular densities were higher at the upper layer of the 
water column almost throughout the study period (Fig. 
6b). The phytoplankton community was mostly 
represented by diatoms and tidal stirring seemed to 
affect some species more than others (Fig. 7). As 
diatoms have passive movements, they behaved as 
relatively passive particles, so their concentration and 
distribution depended mainly on the water 
displacements. Moreover, it has been observed that the 
effects of turbulence processes (resuspension and 
advection) on particle concentrations are related to the  
 
Fig. 6. Temporal evolution of (a) chlorophyll a variation and (b) phytoplankton cellular abundance at the 
surface and at the bottom of the water column at the study site. Tidal height is illustrated by the dotted line in 
fig. (a). Mann-Whitney tests were used between the mean values of cellular abundances (subjected to 
logarithmic transformation) for surface and bottom waters for every sampling hour: ** p < 0.01, * p < 0.05. 
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particle size and shape and the 
aggregation/disaggregation properties (VAN DE 
KREEKE et al., 1997; VELEGRAKIS et al., 1997; 
KIØRBOE et al., 2001; ELLIS et al., 2004). In this 
study, diatoms arranged in chains, with mucilage 
threads and/or silicon setae, such as Thalassiosira spp. 
(cell diameter: 10 - 45 µm) and Chaetoceros spp. (8 - 
34 µm), seemed to be affected in a different way by 
water turbulence and tidal stirring than the smaller, 
solitary species without cell projections, such as 
Cyclotella spp. (6 - 13 µm) and Miniduscus chilensis 
(5 - 9 µm). The first group showed relatively higher 
abundances around high tide whereas the latter 
appeared to be more abundant at low tide (Fig. 7). As 
a first approach to a possible explanation, we suggest 
that their cells´ sizes, shapes, life styles (chains vs. 
solitary cells) and their ability to aggregate or 
disaggregate as also their sinking rates are closely 
related to this phenomenon. Further studies over 
longer periods should be undertaken to detect possible 
patterns of phytoplankton species dynamics related to 
tidal processes.  The presence of benthic diatoms (e.g. 
Gyrosigma sp., Fragilaria spp., Nitzschia spp. and 
Surirella sp.) in the plankton habitat in the inner zone 
of the Bahía Blanca Estuary was of considerable 
importance over the tidal cycle, especially in the 
bottom samples. This observation is common in 
shallow coastal systems where benthic species are 
released into the water column due to resuspension 
processes induced by tides (BRUNET; LIZON, 2003). 
Moreover, in tidal flats, the fluxes of 
microphytobentos between sediment and water due to 
tidal and wind effects (DE JONGE; VAN 
BEUSEKOM, 1995) play a crucial role in the system, 
functioning by supplying food for the pelagic 
copepods (DE JONGE; VAN BEUSEKOM, 1992).  
 
 
 
Fig. 7. Temporal evolution of the abundances of the most frequent diatom species, (a) at the surface and (b) at the 
bottom of the water column at the study site. 
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Considering that estuaries are extremely 
heterogeneous systems, this short-term study 
represents a contribution to the knowledge of the 
dynamics of estuarine phytoplankton and physico-
chemical variables over tidal time scales. The present 
study is just a snapshot of what happened on a given 
day under particular environmental conditions, so it is 
not appropriate to generalize these results as if they 
applied to every tidal coastal system.  Several 
extensions of this study are needed. Nevertheless, the 
most relevant contribution of this research is that it 
shows how variable the phytoplankton community 
structure and the physico-chemical properties of the 
water column can be over short time scales in 
mesotidal estuaries. This variability should be taken 
into consideration for every phytoplankton monitoring 
program undertaken in high energy regimens.  
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